Abstract. In this study, the application of ozonation and ozonation with hydrogen peroxide processes for landfill leachate treatment was investigated. The effluents were characterized by COD 710 mgO2/dm 3 and BOD5 72 mg O2/dm 3 . According to the adopted indicators, the determined BOD/COD ratio of 0.1 in raw leachates indicates a stabilized landfill. Ozone was applied at doses of 0.15 -0.6 gO3/dm 3 , and hydrogen peroxide at such doses to keep the weight ratios of H2O2/O3 0.4 -1.6. The maximum COD and UV absorbance removal was respectively 29% and 51% by applying a high ozone dose of 0.6 gO3/dm 3 . After oxidation, the ratio of BOD/COD was increased from 0.1 up to 0.3. It has been shown that by using hydrogen peroxide in ozonation, organic compounds expressed as COD can be efficiently removed from the effluents. The best conditions for the H2O2/O3 process were obtained with a H2O2/O3 ratio of 0.8 and ozone dose of 0.6 gO3/dm 3 . Under these conditions, the removal efficiency of COD was 46%.
Introduction
Ozone is a strong oxidant that reacts at ambient temperature with most organic compounds, either directly by electrophilic attack of the ozone molecule, or indirectly by generating • OH radicals [1] . The direction and course of these reactions mainly depends on the pH. Under basic conditions, OH − ions react with ozone leading to the formation of intermediates, such as ions ( 
, that accelerate its decomposition [2] :
The ozonation process is used, among others, for the treatment of leachates from stabilized landfills in combination with sorption, coagulation, as well as biological processes, the operation time of which exceeds 5 years. In these types of landfills, organic compounds that are harder to biodegrade prevail. In addition, leachate from these landfills is characterized by a stabilized composition, high ammonium nitrogen content and a BOD/COD ratio below 0.1 [3, 4, 5] .
As a result of ozone treatment, a part of organic compounds undergoes transformation into more readily biodegradable forms, which enables their further purification by biological methods. In this case, an increase in the BOD/COD ratio is observed, thus the share of biodegradable fractions in the effluents increases. Under the influence of ozone, organic compounds, which are not biodegradable, are also oxidized. The final product is usually acetic and oxalic acid. With the use of lower doses of ozone, the disruption of bonds in macromolecular compounds can lead to the formation of alcohols, aldehydes and ketones [6, 7, 8] . In addition to removing the organic compounds, ozonation also reduces the color of landfill leachates and eliminates odor nuisance [2] .
Ozonation, in combination with hydrogen peroxide, belongs to the so-called advanced oxidation processes, in which highly reactive free • OH radicals are generated that can increase the effectiveness of ozone action. This method eliminates many pollutants that in practice do not react only with the ozone [9] . However, in comparison to ozone,
• OH radicals act non-selectively, additionally in the presence of HCO3 -and CO3 2-ions, they are quickly decomposed. Amongst advanced oxidation methods, in which • OH radicals are generated, O3/UV, H2O2/UV, O3/H2O2/UV, catalysts such as TiO2 and the process of Fenton and photo-Fenton, are also used for landfill leachate and wastewater purification [10, 11, 12] .
During ozonation, in combination with hydrogen peroxide,
• OH radicals are formed as a result of the reaction of ozone with the hydroperoxide ion formed after the dissociation of hydrogen peroxide [2] :
Due to the varied composition and high loads of organic pollutants, membrane processes such as reverse osmosis and ultrafiltration are also applied for the treatment of landfill leachates. Due to high costs, good results are obtained through the pre-treatment of leachate prior to membrane methods, e.g. in the process of filtration, coagulation and sorption on activated carbon [13] .
The aim of the study was to compare the effectiveness of the removal of organic compounds from landfill leachates expressed by the COD indicator using ozone and ozone with hydrogen peroxide.
Material and analytical methods
The research was carried out upon leachates from a landfill located in the north-eastern part of Poland using a laboratory ozone generator and 30% H2O2. The pH, electrolytic conductivity, color, turbidity, suspension, UV254 absorbance, chemical oxygen demand (COD), biochemical oxygen demand (BOD5), ammonium nitrogen and TOC, were determined in raw leachates for technological research. Analytical tests were carried out according to Standard Method APHA, unless otherwise stated [14] . A Hach Sension 4 pHmeter was used to determine the pH and conductivity, the BOD5 was determined with an Oxitop kit, turbidity with a Hach nephelometer, and UV absorbance with a UV-Vis spectrophotometer -Pharo 300 in a 1 cm cuvette at 254 nm wavelength. The color was determined on a platinum-cobalt scale with the use of a spectrophotometer.
The ozone concentration in the air-ozone mixture was determined using the iodometric method proposed by IOA [15] . Hydrogen peroxide was also determined using the iodometric method [16] .
The content of organic compounds in leachate samples after the ozonation process and ozonation with the addition of hydrogen peroxide was expressed by the COD indicator. The presented COD values take into account the correction due to the presence of hydrogen peroxide according to the formula recommended by Kang at al. [17] .
The presented test results are the average of three replicates. The standard deviation of measured values did not exceed 5%.
The removal efficiency of COD was calculated using the following equation:
( )
where Ci and Cf refer to the COD in the landfill leachate before and after the reaction, respectively.
Experimental Procedures
The ozonation system consisted of a pneumatic Triligaz ozone generator with a maximum capacity of 8 g/h and a glass bubble chamber with a diameter of 5 cm and a total height of 90 cm. The air and ozone mixture was continuously supplied through a ceramic diffuser with a diameter of 35 mm. In order to ensure the homogeneous distribution of gas to the liquid phase, the contents of the chamber were additionally stirred using a magnetic stirrer. Tests were carried out with an air-ozone mixture flow of 1.0 L/min and an ozone concentration of 10 g/m 3 . In each series of tests, the volume of leachate was 1 L. The ozone dose in the range from 0.15 to 0.6 g/L was determined using the appropriate ozonation time. Hydrogen peroxide was dosed in amounts depending on the dose of ozone, keeping the ratio of H2O2/O3 at the level of 0.4-1.6.
Results and Discussion

Leachate characteristics
The physicochemical parameters of leachates for technological tests are presented in Table  1 . A characteristic feature of the leachate tested is the relatively high COD value with a low BOD value. The calculated BOD/COD ratio value of 0.1 indicates the type of stable storage. According to the adopted indicators, a BOD/COD ratio below 0.12 in raw leachates indicates this type of landfill [18] . The research also draws attention to the fact that leachates from stabilized landfills show higher pH values, usually above 7 [7] . The tested leachates were characterized by pH 8.26, COD 710 mg/L, BOD5 72 mg/L and turbidity 2 NTU as well as intensive color 1130 mgPt/L. 
Ozonation and O3/H2O2
Changes in the COD value in effluents subjected to the ozonation process depending on the dose of ozone and hydrogen peroxide are shown in Figure 1 . The experiment was carried out in effluents at pH 8.26. According to research carried out by Cortez et al., higher pH values increase the number of ozone molecules that are decomposed to form • OH radicals with a high redox potential, which may increase the efficiency of removing pollutants [3] . After the ozonation process, the value of impurities expressed as COD varied depending on the ozone dose ranging from 568 mg/L to 498 mg/L.
The highest value of the COD reduction was recorded with the ozonation time of 60 minutes and the ozone dose of 0.6 g/L. In this case, the value of the removed COD was 212 mg/L, which ensured the effect of this indicator removal at the level of 29.9%. The COD value gradually decreased with the increase of the ozone dose, but the highest increase of COD removal effect (28.1%) in the range of the O3 doses applied, was recorded at the ozone dose of 0.3 g/L. At the lowest ozone dose of 0.15 gO3/L, the COD removal effect was very low and amounted to only 20%.
As a result of the leachate ozonation, an increase in the BOD/COD ratio was recorded in each case, regardless of the ozone dose used. The BOD value at the shortest and the longest contact time ranged from 57 mg/L to 149 mg/L. Thus, the BOD/COD ratio increased from 0.1 at the lowest dose of ozone to 0.3 at the highest dose. Changes in the BOD/COD value depending on the ozone dose are shown in Figure 2 .
Bila et al., when ozonizing leachates containing COD 3100 mg/L, BOD 130 mg/L using ozone doses of 0.5, 1.5 and 3.0 gO3/L, achieved a decrease in COD by 8%, 15% and about 50%, respectively, thus the BOD/COD ratio increased to 0.14 at 0. Compared with the action of ozone alone, the process of oxidation together with hydrogen peroxide has shown an increase in the efficiency of COD removal. Only at the lowest ozone dose of 0.15g/L and H2O2/O3 ratios of 0.8 and 1.6, ozonation turned out to be more effective, especially at the highest dose of H2O2. The strongest effect of COD removal (29%) at this ozone dose was recorded with an H2O2/O3 ratio = 0.4. In the remaining range of the oxidants doses used, the COD removal effect successively increased with the dose of ozone and hydrogen peroxide. The highest efficiency of COD reduction when applying various ozone doses, i.e. 0.2, 0.3, 0.4 and 0.6 g/L, amounted respectively to 29.5% and 36.2% at H2O2/O3 = 0.8, 41.7% at H2O2/O3 = 1.6 as well as 43.6 % at the highest ozone dose and H2O2/O3 ratio = 0.8. A similar effectiveness of COD reduction was recorded at H2O2/O3 = 0.8. At the same time, a much worse effect of lowering the COD indicator was noted at the ozone doses 0.4 and 0.6 g/L and the lowest hydrogen peroxide dose, i.e. at H2O2/O3 = 0.4. In this case, the effect of COD removal was only 34.4% and 37.8%.
The increase of biodegradability expressed as BOD/COD dependence in the process of ozonation with hydrogen peroxide was only recorded at ozone doses of 0.3, 0.4 and 0.6 g/L and H2O2/O3 ratio = 0.4. The BOD/COD value in this range of oxidants doses amounted to 0.23, 0.41 and 0.45, respectively. In the case of a larger dose of H2O2, the BOD/COD value was similar to that of the only-ozone-use process and it was 0.3.
According to studies conducted by Naumczyk et al., optimal conditions for COD removal were obtained with an ozone dose of 750 mg/L and a dose of hydrogen peroxide up to 2000 mg/L. The decrease in COD after 60, 120, 240 and 360 min. was 44.8, 67.1, 87.0 and 89.9% respectively, and with similar response time of 60 min., it was at a similar level [12] .
In studies using the ozonation process, the effectiveness of COD removal ranged from 20% to 20.9%. In the process of self-ozonation, the highest efficiency of COD reduction (20.9%) was obtained with the highest dose of ozone, i.e. 0.8 gO3/L. Such a high dose of ozone required to remove a relatively small COD value means that treating leachate with this method is quite expensive. An important advantage of the ozonation process is the increase in BOD/COD ratio. As compared to raw leachates, the BOD/COD value after ozonation increased to 0.3, which may increase the effectiveness of leachate treatment with biological methods. In the process of ozonation together with hydrogen peroxide, an increase in BOD/COD ratio was recorded only at ozone doses of 0.3, 0.4 and 0.6 g/L and H2O2/O3 ratio = 0.4. The largest BOD/COD value, in this case, was 0.45. The highest removal efficiency of COD (44.6%) in the process with H2O2/O3 was recorded at an ozone dose of 0.6 g/L and H2O2/O3 ratio = 0.8.
